). The change in identify sites that interact with S4.
fluorescence intensity (⌬F) in response to a voltage step Fluorescence scanning has the advantage of directly was measured and related to specific channel gating revealing local protein motions that accompany specific events measured simultaneously under voltage clamp. gating steps and thus does not rely on the interpretation of functional perturbations. We find the resolution of Identity of Functional Transitions the method to be remarkably high, with a position by in the Fluorescence Report position specificity of the report. The results are used Before carrying out the full fluorescence scan, we examto generate rearrangement maps of the homologous ined the kinetics and voltage dependence of the ⌬F at KcsA pore domain and of an ␣-helical model of S4 moseveral sites in conducting channels, where the ⌬F could tion during activation and inactivation. These maps lead be related to transitions that open and close the pore to a model of S4-pore domain tertiary interactions and gates, and in a nonconducting mutant, where the fluoenable us to reconstruct fundamental features of the rescence change could be related to the voltage-sensactivation and inactivation rearrangements of the volting steps that move gating charge. Sites in both S4 age-sensing and pore domains. We conclude that inactiand the pore domain showed both fast and slow ⌬Fs. vation involves a rearrangement that propagates through Although, in conducting channels the fast ⌬F on correthe entire pore domain and an additional rearrangement lated kinetically with channel opening and the slow ⌬F on of S4. The results are most consistent with an axial translation of S4 through the gating canal.
correlated kinetically with closure of the inactivation gate, it is likely that the fast component is triggered by the voltage-sensing transmembrane movement of S4.
Results
As shown in Figures 2A and 2B for one fluorophore attachment site in the pore domain and one in S3-S4, The fluorophore 6Ј-tetramethylrhodamine (TMRM) was covalently attached to singly introduced cysteines at a near S4, voltage steps that move gating charge, but that Figure 3) . To ensure the correct identification of the gating rearrangement that produces the fluorescence report, the ⌬F was always compared with the current measured simultaneously from the same oocyte.
The sites were categorized based on the kinetics of their onset fluorescence change in response to depolarization (⌬F on ). The ⌬F on kinetics for the pore domain attachment sites could be divided into two categories: (1) sites displaying a fast ⌬F on component, which tracks activation, as well as an inactivation component of variable relative magnitude, and (2) sites displaying only a slow ⌬F on component, which tracks inactivation ( Figure  3) . The inactivation components in sites of the first category ranged between a substantial fraction of the total ⌬F down to the limits of detection. The results of the ture do not report the same gating event. These observations argue against reorientation of the protein backbone as the cause of the fast ⌬F, suggesting that the do not open the channel, produced fast ⌬Fs. In addition, activation stripe does not reflect rearrangement of the in W434F channels, a good kinetic correlation was obpore domain, but rather that fluorophores bound to this served between the fast ⌬F on and the outward movement region of the pore domain sense the activation moveof gating charge ( Figure 2B ). This is consistent with ment of S4. In order to determine how such an interacprevious fluorescence measurements in both the pore tion might occur, we obtained a similar rearrangement and S4 regions (Mannuzzu et The fluorescence in response to a short depolarization, long enough to activate the channel but not to inactivate Structural Hysteresis Revealed by Fluorescence it, was compared to the fluorescence response to a At many of the sites in S4, the ⌬F on and ⌬F off are symmetdepolarization long enough to inactivate the channel. rical with respect to each other (i.e., fast-on/fast-off or As shown in Figure 6A , the short pulse produced a symslow-on/slow-off). However, as seen in Figure 5A , about metrical response, with the ⌬F off restoring brightness to half of the S4 sites are not symmetrical, showing either baseline. On the other hand, when the inactivation gate a switch in kinetics or an overshoot of the baseline upon was closed by a subsequent long pulse, the ⌬F off overrepolarization. This difference in ⌬F on and ⌬F off indicates shot the baseline, consistent with deactivation placing that fluorophore bound to S4 experiences a different S4 in a structural environment that is different from structural pathway during activation while the inactivawhere it started when the inactivation gate was open. tion gate is open as opposed to deactivation while the A further prediction for fluorescence hysteresis is that inactivation gate is closed ( Figure 1C ). The implication inactivation should change S4's structural pathway not is that closure of the inactivation gate changes the nature of S4's interaction with its environment. only in the ⌬F off , but also during a ⌬F on evoked by a new The second kinetic zone, further toward the membrane than the green activation zone, consists of positions that report on both the activation and inactivation conformational changes (magenta positions, Figure 5B and Table 1 ) and includes positions that traverse the boundary of exposure to the external solution when S4 is activated. Fluorophores attached to this section have large fluorescence changes, sensing an environment change as they travel from the gating canal to the external face of the protein resulting in an activation ⌬F, similar to the green section ( Figure 5A ). However, unlike the green section, these positions remain close enough to the surrounding protein in the activated state to sense subsequent environmental changes due to the inactivation rearrangement.
The third kinetic zone consists of deep positions that predominately follow inactivation (blue positions, Figure  5B and Table 1 
